The Legionella pneumophila type II secretion system can promote bacterial growth under a wide variety of conditions and mediates the secretion of more than 25 proteins, including the uncharacterized effector Lpg2622. Here, we determined the crystal structures of apo-Lpg2622 and Lpg2622 in complex with the cysteine protease inhibitor E64. Structural analysis suggests that Lpg2622 belongs to the C1 family peptidases. Interestingly, unlike the other structurally resolved papain-like cysteine proteases, the propeptide of Lpg2622 forms a novel super-secondary structural fold (hairpin-turn-helix) and can be categorized into a new group. In addition, the N-terminal b-sheet of the Lpg2622 propeptide plays a regulatory role on enzymatic activity. This study enhances our understanding of the classification and regulatory mechanisms of the C1 family peptidases.
The Legionella pneumophila type II secretion system can promote bacterial growth under a wide variety of conditions and mediates the secretion of more than 25 proteins, including the uncharacterized effector Lpg2622. Here, we determined the crystal structures of apo-Lpg2622 and Lpg2622 in complex with the cysteine protease inhibitor E64. Structural analysis suggests that Lpg2622 belongs to the C1 family peptidases. Interestingly, unlike the other structurally resolved papain-like cysteine proteases, the propeptide of Lpg2622 forms a novel super-secondary structural fold (hairpin-turn-helix) and can be categorized into a new group. In addition, the N-terminal b-sheet of the Lpg2622 propeptide plays a regulatory role on enzymatic activity. This study enhances our understanding of the classification and regulatory mechanisms of the C1 family peptidases.
Keywords: Legionella pneumophila; Lpg2622; papain-like cysteine proteases; propeptide; type II secretion Papain-like cysteine proteases (PLCPs, MEROPS classification: clan CA) are widely found in animals, plants, and microorganisms. They participate in a large number of physiological and pathological processes, including cancer, antigen presentation, and immune defenses [1] . Many PLCPs from animals are potential drug design targets, including cathepsin B for cancer [2] , cathepsin S for controlling of antigen presentation [3] and cathepsin K for the treatment of osteoporosis [4] . In plants, cysteine proteases are particularly involved in the mobilization of storage proteins during germination, and they play a key role in programmed cell death and innate immunity [5] . In bacteria, SpeB (a PLCP from Streptococcus pyogenes) performs a variety of functions, including degradation of immunoglobulins to promote immune system evasion, cleavage of the cytokine precursor interleukin-1b and resulting in septic shock [6] .
At present, most members of the C1 family peptidases with known structure are from mammals, plants, and protozoa. In eukaryotes, the structure of PCLPs presents a core structural feature of the papain family with two domains, a predominant ahelix N-terminal domain (R-domain) and a b-sheet C-terminal domain (L-domain). The active site cleft is located at the interface between the two domains. Based on the sequence and structure of the propeptide, the eukaryotic papain-like cysteine proteases is Abbreviations CD, circular dichroism; E64, N-[N-(L-3-trans-carboxirane-2-carbonyl)-L-leucyl]-agmatine; PLCP, spapain-like cysteine proteases; RMSD, rootmean-square deviation; WT, wild-type.
divided into the cathepsin B-like group and the cathepsin L-like group [7] and the propeptide forms a helix-turn-strand super-secondary structure that occupies the active site cleft and blocks the entry of substrates.
In bacteria, two members of the C1 family peptidases have been structurally determined to date. One is the cysteine protease xylellain from xylella fastidiosa, which has a papain family fold and a short propeptide (56 residues), and part of the N-terminal propeptide blocks the active site, thereby mediating enzyme activity [8] . The other is cysteine protease Cwp84, a surface layer-associated protein from Clostridium difficile, which comprises the cysteine protease domain, the identified lectin-like domain and the propeptide [9] . According to sequence similarity, there are multiple different lineages of papain-like cysteine proteases in bacteria and archaea. However, due to lack experimental data, these putative enzymes cannot be further categorized at this point. Therefore, more structural and biochemical information is needed to address this problem.
Legionella pneumophila is the pathogenic bacteria of Legionnaire's disease which replicates inside a variety of hosts, including mammalian cells and various protozoa. The toxicity of L. pneumophila is mainly sustained by various effectors secreted by Type II secretion system and Type IV secretion system. Type II secretion system can promote the growth of bacteria under a wide variety of conditions, ranging from mammalian macrophages and epithelial cells and amoebae to low-temperature waters [10, 11] . More than 25 proteins were identified as Type II-dependent effectors, including aminopeptidase, RNase, and chitinase, as well as proteins with no homology to known proteins [12, 13] . Lpg2622 was distinguished as a Type II subordinate exoprotein of L. pneumophila by 2DE investigation in 2006 and showed weak similarity to bacterial cysteine proteases [11, 14] . Lpg2622 is a hypothetical protein containing 353 residues and the first 19 residues are signal peptide. In this paper, we determined the crystal structures of Lpg2622 and complex with inhibitor E64. Structural analyses demonstrate that Lpg2622 is a cysteine protease and belongs to the C1 family peptidases. The propeptide of Lpg2622 presents a novel fold with a b-hairpin on the top of the active site and an a-helix located on the side of R-domain. Moreover, the N-terminal b-sheet of Lpg2622 propeptide plays a regulatory role of enzymatic activity. The results make it clarity on previously classified 'uncharacterized proteins' and broaden our understanding of the regulatory mechanisms of the C1 family peptidases.
Materials and methods

Recombinant Lpg2622 characterization
The open reading frame of lpg2622 gene (NCBI accession number WP_010948322.1) was amplified by PCR from the genomic DNA of L. pneumophila and cloned into pET28a vector with an N-terminal 6 9 His-tag. Lpg2622 was overexpressed in Escherichia coli strain Rosetta (DE3) (Novagen, Bad Soden, Germany itol (DTT) and E64 in different molar ratios were incubated for 30 min at 4°C, followed by crystal growth and optimization. High quality crystals were obtained only from the complex of 2 : 1 molar ratio of Lpg2622 to E64 in the condition containing 0.4 M Sodium acetate trihydrate pH 4.6. The crystals were harvested using cryoloops and immersed briefly in a cryoprotectant solution consisting of 75% (v/v) reservoir solution and 25% (v/v) glycerol. X-ray diffraction data was collected on beamline BL17U1 of SSRF (Shanghai Synchrotron Radiation Facility) [15] . All of the diffraction data were integrated and scaled with the program HKL2000 [16] .
Structure determination and refinement
The crystal structure of SeMet-substituted Lpg2622 was determined using the single-wavelength anomalous dispersion method. The AutoSol program of PHENIX was used to search the selenium atoms and to calculate the phase. The initial model was built using Autobuild from PHENIX [17] . The apo-form structure of Lpg2622 was determined by molecular replacement method with the CCP4 program phaser [18] using the SeMet-substituted Lpg2622 structure as the search model. The crystal data of Lpg2622 complexed with E64 were refined against the apo-form Lpg2622 structure. The all models were completed by iterative manual building in COOT [19] and refined with REFMAC [20] . The final crystallographic models were evaluated using MOLPRO-BITY [21] . All illustrations were processed using the program PYMOL (http://www.pymol.org).
CD spectroscopic assays
Lpg2622 and mutations were tested with a band width of 2 nm at 25°C on a spectropolarimeter (Biologic, MOS-500). In 50 mM PBS buffer (pH 8.0), the protein samples were dissolved at a final concentration of approximately 0.1 mgÁmL À1 . The CD spectra of samples were recorded in triplicates and corrected by baseline subtraction using the buffer spectra. Percent distributions of secondary structural elements (a-helix, b-sheet and random coil) were estimated.
Results and Discussion
Overall structure and classification of Lpg2622
According to bioinformatic prediction, Lpg2622 shows weak similarity with the C1 family peptidases. In order to further verify the structural characters of Lpg2622, we solved the crystal structures of apo-Lpg2622 and Lpg2622-E64 complex. The crystals of apo-Lpg2622 belong to P6 3 22 space group and have two molecules per asymmetric unit with matthews coefficient 3.52 A Table 1 . Structurally, Lpg2622 shows an aba sandwich fold with eight helices flanking the central eight-stranded b-sheet, a2-a6 are located on one side and a7-a9 on the opposite side. In addition, Lpg2622 share the architectures of PLCPs with the same fold, composed of two domains, the L-domain and R-domain [22] . In Lpg2622, the Ldomain is composed of five a-helices (a2, a3, a4, a5, a6), two 3 10 -helices (g1, g2) and a b-sheet (b4, b10). The R-domain contains a twisted b-sheet (b3, b5, b6, b7, b8, b9) and three a-helices (a7, a8, a9). Interestingly, the propeptide of Lpg2622 consists of 62 residues with low sequence similarity to other cysteine proteases, and form a novel hairpin-turn-helix (b1, b2, a1) super-secondary structure fold (Fig. 1A,B) . Structure homology search by the DALI server [23] revealed Lpg2622 has the highest structural similarity to Xylellain from xylella fastidiosa with a Z-score of 20.7 and a root-mean-square deviation (RMSD) of 2.4
A for 219 common Ca atoms. Sequence alignment of Lpg2622 and C1 family members (Xylellain, Cathepsin K, Papain) reveals that Lpg2622 contains the conserved catalytic residues (Fig. 1D) . Moreover, the conservative residues are mainly concentrated on the cleft between the L-domain and R-domain (Fig. 1C) . Further structural analyses reveal that Lpg2622 active site is described by residues Gln98, Cys104, His288, and Asn317. The cleft between the two domains contains the substrate binding site and the catalytic residues Cys104 and His288. Overlap of the Lpg2622 catalytic residues (Gln98, Cys104, His288, and Asn317) with that of the papain-like enzymes Xylellain and propapain yields RMSD values 0.261 A and 0.252 A for Ca atoms suggesting the catalytic cleft and the four catalytic residues in Lpg2622 are remarkably conserved (Fig. 2B) .
In papain, the side-chain amide group of Gln19 and the main-chain amide group of Cys25 define the socalled oxyanion hole, which binds to the main-chain carbonyl group of the residue at P1 site of the substrate [24] (defined as the first residue on the N-terminal side of the cleavage site). In Lpg2622 structure, the Gln98 corresponding to Gln19 in papain can be believed to help in the formation of the oxyanion hole. The nucleophilicity of the negatively charged Cys104 is stabilized by the interaction with His288 and it is located at the N-terminal of the central a-helix (a2, residues 104-117), to exploit the dipole moment. The hydrogen bond interaction between Ne on the imidazole ring of His288 and the Od atom of Asn317 (2.8 A), providing proper positioning of His288 relative to Cys104, as observed in previous reported cases [25] . Structural analyses suggest that Lpg2622 share similar catalytic mechanism with C1 family peptidases. Furthermore, Lpg2622 contains three cysteine residues, two of them form a disulfide bond (Cys127-Cys174) and the other is catalytically Cys104 (Fig. 2C) . Distinctly, Lpg2622 belongs to C1 family peptidases as defined in the MEROPS database [26] . Although Lpg2622 shares the catalytic core with the C1 family peptidases, the overall structure of Lpg2622 exhibit significant differences with that of xylellain and propapain ( Fig. 2A) . Five insertions are found mainly located in the R-domain of Lpg2622. The longest insertion from residue 278 to 291 is in the R-domain leading to expansion of an antiparallel b-sheet (b7, b8). This insertion is rich in negatively charged amino acids and locates on the distal side of b-sheet away from the active cleft, suggesting that it may play a role in protein recognition or localization (Fig. 2C) .
Another insertion between b5 and b7 includes 7 residues forming an extra b chain (b6) but the function is unclear. The b5 is slightly longer than other PLCPs, this insertion near the active sites of Lpg2622 may play a part in the process of substrate recognition.
Propeptide structure of Lpg2622
In C1 family peptidases, the members are synthesized as zymogens which require processing to form the active form. Their activation occurs by removing the N-terminal propeptide from zymogens [27] . The propeptide not only inhibit the enzymic activity but may also play a role for intracellular sorting and the correct folding of the newly synthesized enzyme [28, 29] . Based on the differences in amino acid sequence and the structure of propeptide, the C1 family peptidases are mainly divided into two groups, the cathepsin L-like and cathepsin B-like enzymes, and their propeptides differ significantly in length and show very little homology [30, 31] . Cathepsin B-like enzymes have a shorter propeptide with 60 residues consists of a short b strand (b1) and two a-helices (a1, a2) forming helix-turn-strand super-secondary structure (Fig. 3A) . There are several pivotal interactions between the propeptide and cathepsin B within the substrate-binding cleft. The Gly43 in the propeptide penetrates deeply into the binding pocket and form hydrogen bonds to the Ser29 and Trp30 (active site). The Leu41 form hydrogen bonding interaction with Gln23 and closed the active site. Thr44 occupies the S2 subsite and interacts with Ala200 (Fig. 3B ) [32] . Cathepsin L-like enzymes have a propeptide including 100 residues consists of a short b strand (b1) and three a-helices (a1, a2, a3) forming similar super-secondary structure with cathepsin B-like enzymes (Fig. 3C ) [27] . Taking cathepsin K as an example, the S2 0 and S1 0 subsites are occupied by Met75 and Thr76, respectively. The Met75 forms two hydrogen bonds with Trp283 and Gln118. A hydrogen bond also occurs between Gln118 and Thr76. In the S2 subsite, the main-chain nitrogen of Leu78 is within van der Waals radius of the thiol of Cys124 (active site) and interacts with Asn260 (Fig. 3D ) [33] . The Lpg2622 propeptide is 62 residues long with very low homology to that of cathepsin L-like and cathepsin B-like enzymes. Unlike cathepsin L and cathepsin B, Lpg2622 propeptide consists of an a-helix and a b-sheet presenting a novel hairpin-turn-helix fold. The N-terminal b-sheet covers the active site but not fully occupies the active cleft (Fig. 3E) . Five hydrogen bonds are found between the N-terminal b-sheet in the propeptide and the C-terminnal catalytic domain. Glu27 and Asp29 in the b1 separately interacts with Asn147 in the loop2 and Tyr100 in the loop1, Lys47 in the b2 interacts with Glu185 in the loop3, Pro49 and Tyr51 in the b2 form, respectively, hydrogen bonds with Gly287 and Tyr285 (Fig. 3F) . The three hydrogen bonds of them (Glu27 and Asn147, Asp29 and Tyr100, Lys47 and Glu185) may be critical for maintaining the structural stabilization base on the location of these residues. Furthermore, PLCPs from Legionella and cathepsins from mammals were used to perform phylogenetic analysis, the result indicates that PLCPs from Legionella form a separate group from cathepsins (Fig. 4) , suggesting the divergent evolution of Lpg2622 from other PLCPs. To investigate the function of the N-terminal propeptide of Lpg2622, we constructed three truncations Lpg2622M42, Lpg2622M53 and Lpg2622M80, which separately remove the b1, b1 + b2, and b1 + b2 + a1. However, all truncations form inclusion bodies in solution. Our structural analysis found various interactions between the N-terminal propeptide and its C-terminal catalytic domain, including hydrogen bonds and hydrophobic interactions. The results suggest that the N-terminal propeptide of Lpg2622 may be essential for the correct folding of the C-terminal catalytic domain and it is probable that the propeptide is nonessential to be removed for activation.
The crystal structure of Lpg2622-E64 complex
In order to confirm the function of Lpg2622 further, we tried to cocrystallize Lpg2622 with E64 and determined the crystal structure of Lpg2622-E64 complex. To our knowledge, this is the first structure of PLCP-inhibitor complex containing the propeptide region. Simultaneously, the C104A and C104S mutations were used to cocrystallize with E64, however, the E64 molecule did not get into the substrate-binding cleft of mutations suggesting E64 specifically recognize catalytic cysteine. In Lpg2622-E64 structure, the E64 forms a covalent bond with Cys104 (Fig. 5B,C) . And the binding mode between E64 and active site is similar to that observed in other C1 family proteases [34, 35] . It is worth mentioning that all the crystallization conditions are in acidic environment, this is consistent with the optimal pH of enzyme activity under alkaline condition (data not shown). We suppose that the N-terminal b-sheet in the propeptide may present flexible conformation under alkaline conditions for the entry of substrate or inhibitor.
In the complex structure, the inhibitor E64 is positioned at the active site cleft between the L-domain and R-domains. The S2 subsite holds the leucyl moiety (Fig. 5A) . Hydrogen bonds and hydrophobic interaction between Lpg2622 and E64 are shown in Fig. 5B . In detail, the O1 atom of E64 forms separate hydrogen bonds with the main-chain amino group of Cys104 and the side chain amino group of Gln98. The O2 atom of E64 interacts with the imidazole ring of His288, the carbonyl and amide group of Ser149 interact with the N2 and O4 of E64. In addition, the O4 atom of E64 makes water-mediated hydrogen bonds to Gly102 and Val105 (Fig. 5B,C) . The overall structure of Lpg2622 superposed with Lpg2622-E64 complex yields RMSD value 0.294 A for 273 Ca atoms. Two major changes were found between the Lpg2622-E64 and apo-Lpg2622 structure. In the structure of Lpg2622-E64, the N-terminal b-sheet display a little twist and the a-helices (a1, a3, a5, a6, a8) have a slight displacement resulting the active-site cleft slightly larger (Fig. 5A) . Another difference is the significant conformational change of Tyr51 in the propeptide region moving away from E64, this change reduces steric hindrance for the entry of substrates or inhibitors (Fig. 5C ).
The S2 subsite of Lpg2622 and preference of substrate
In PLCPs, there are three major subsites (S2, S1, and S1 0 ) involve contacts between enzyme and substrate with the corresponding residues (P2, P1, and P1 0 ).The S2 subsite determines specificity for substrate selection in PLCPs [36] . Comparison of the surface of papain around the catalytic cleft with that of Lpg2622 reveals potential substrate binding site and structural features (Fig. 6A,B) . In most structures of PLCPs, the S2 site consists of hydrophobic residues. Such as papain, the side chain of the P2 residue interacts with the backbone carbonyl and amide groups of a conserved glycine residue (Gly66) in the S2 subsite. The walls of the cavity are formed by hydrophobic residues (Pro68, Val133, Ala160) in papain, allowing the processing of substrates with a hydrophobic side chain at the P2 site (Fig. 6C) [37, 38] . In a few structures, such as cruzain and cathepsin B, Glu at the bottom edge of the S2 subsite give specificity for positively charged at P2 residues. In Lpg2622, the putative S2 subsite with a deep pocket has an overall negative charge formed primarily by the side chains of Glu289 and Glu342 suggesting that Lpg2622 may prefer the positively charged residues at the substrate P2 site. This finding is consistent with the E342A mutant have notable decreasing enzymatic activity with Z-Arg-Arg-pNA as substrate (the P2 residue is Arg) at pH 5.6 than WT (Fig. 7A) . The walls of S2 subsite are primarily formed by residues Val105, Ser149, Gly246, and Met341 (Fig. 6D) . In Lpg2622, the Ser149 occupies an analogous position to Gly66 in papain may involve in the binding and recognition of substrate P2 residues.
The regulatory role of the N-terminal b-sheet of Lpg2622
Generally, the propeptide can be removed autocatalytically for activation by incubating the zymogen in pH 4.0-6.0 acetate buffer [39] . However, Lpg2622 was incubated with cysteine or pepsin at 37°C and 50°C for 60 min in acetate buffer (pH 5.6) finding that the propeptide was not removed in the process (data not shown). Based on previous structural analyses, two sitedirected mutant of E27A/D29A and three site-directed mutant of E27A/D29A/R47A were constructed. As expected, the enzymatic activity of E27A/D29A/R47A mutant was significantly increased while the E27A/ D29A mutant has no significant change than WT. Specifically, Gly-Arg-pNA and Z-Arg-Arg-pNA as substrate at pH 8.0, activity of the E27A/D29A/R47A mutant was 5.2-fold and 8.8-fold higher than WT. The result indicates that with eliminating hydrogen bonding interaction between the N-terminal b-sheet and the Cterminal catalytic domain, the active site cleft is exposed for substrate access leading the increase of the enzymatic activity. However, Z-Arg-Arg-pNA as substrate at pH 5.6, activity of the E27A/D29A/R47A mutant was only 1.4-fold higher than WT indicating that Lpg2622 prefer alkaline condition. The pKa values for individual side chains were calculated in the structure with PROPKA [40] revealed pKa value of Glu342 is 5.6 suggesting S2 subsite of Lpg2622 is filled with negative charge in alkaline conditions, this may explain that ZArg-Arg-pNA as substrate, the activity of E27A/D29A/ R47A mutant has more significant promotion in pH 8.0 than in pH 5.6 (Fig. 7A) . Circular-dichroism (CD) spectroscopy assays showed the change of the secondary structures between mutants and WT, the E27A/D29A mutant is similar to WT and the E27A/D29A/R47A mutant had somewhat change with a helices increasing and b strands decreasing (Fig. 7B) . These results indicate that N-terminal b-sheet of Lpg2622 play a pivotal role in the regulation of enzyme activity.
Conclusion
In this study, we solved the crystal structures of apoLpg2622 and Lpg2622-E64 complex, and performed detailed biochemical and structural analyses. The results indicate that Lpg2622 shares the conserved catalytic core and the key residues with the members of C1 family peptidases. Unlike the other members of C1 family peptidases, the propeptide of Lpg2622 presents a novel structure with hairpin-turn-helix fold and a new interaction pattern between the N-terminal propeptide and the C-terminal catalytic domain. Based on structural and phylogenetic analyses, Lpg2622 is different from the cathepsin L-like and cathepsin B-like enzymes and can be categorized into a new group. The propeptide of Lpg2622 may be essential for structural stability, and enzyme assays suggest that the N-terminal b-sheet plays a regulatory role on enzyme activity. In summary, our results can assist in better understanding the diversity of C1 family peptidases and provide new insights into the regulatory mechanisms of the C1 family peptidases.
Accession numbers
The structures of Lpg2622 and the Lpg2622-E64 complex have been deposited in the Protein Data Bank under the accession codes 6A0N and 6A0Q, respectively.
